INTRODUCTION
The distribution of earthworm species is mainly influenced by water availability [15] , acidity [31] and organic matter quantity and quality [27] . In turn, earthworms influence their environment by mucus and urine production [42] , by changes in the distribution of organic as well as mineral matter [4] , by effects upon ingested soil microflora [23] , and by the build-up of soil structure [5] .
They influence the fate of vegetation through dispersion/ predation of seed [28] , drilling of pores further used by roots [12] , and changes in nutrient availability [17] .
Earthworm communities are the result of both interactions between species [11] and sensitivity to ecological factors [8] . Despite the aggregative distribution of most earthworm species [6] the use of permanent burrows by anecic species points on some individualistic behaviour [22] .
In unmanaged forests the interplay between vegetation and earthworm communities can be studied at different scales. The appearance of gaps in the canopy following single or multiple windthrows or windbreaks is at the origin of the local development of a successional process that ensures the renewal of the forest ecosystem [21] . Earthworms play a part in the regeneration of late-successional trees such as spruce and beech, the forest patchwork being composed of refuge (mature, senescent phase) and depopulation (pole phase) units [3, 35] .
Interactions between earthworms and trees have been suspected to explain at least partly changes in the productivity of beech forests according to site conditions [34, 36] .
We wonder whether ground vegetation and earthworms interact as well. Presence or absence of ground vegetation and changes in its composition are known to affect the composition of earthworm communities [1] through changes in the distribution and the quality of litter, soil climate, and water availability. In turn, earthworm communities are known to affect ground vegetation through their effects on litter thickness, recycling of nutrients, seed dispersal and physical features of the germination niche [46] . In unmanaged forests, fallen wood [19] , and mounds and pits caused by uprooting of trees [9] are additional components of heterogeneity acting at the same scale than patches of ground vegetation.
Linear gradients crossing units of the forest patchwork allow to sample earthworm communities over a wide array of cover types, and take into account spatial patterns [10, 30, 41] . The question is whether earthworm communities vary at the same scale as the ground cover and, if yes, whether causal relationships can be deduced from co-occurrence data. Whether patches of high and low densities of earthworms are a response to environmental factors or a result from their aggregative behaviour, or both, is still disputed [10, 30, 41] . A combination of multivariate statistics, cross-correlation and autocorrelation methods will be used to discern significant patterns. Possible processes underlying the observed patterns will be discussed.
MATERIALS AND METHODS
The study site is an unmanaged old-growth forest stand (La Tillaie, 36 ha) located within the Fontainebleau forest (20 000 ha), 50 km south of Paris. Beech (Fagus sylvatica L.) is the dominant tree species, having progressively replaced sessile oak [Quercus petraea (Mattus.)
Liebl.] following abandon of pasture during the 16 th century then of sylviculture during the 17 th century. Geomorphological features are at the origin of a wide variety of soil conditions [35] .
Blown sand (fine siliceous Fontainebleau sand) overlays a limestone table, except in a small zone where limestone had been eroded previous to blown sand deposit. The thickness of the blown sand varies from 30 cm to 230 cm or more [36] . Access to lime by earthworms and trees determines a variety of humus forms from eumull to dysmoder [35] . Ground vegetation is acidophilic to neutrophilic according to enrichment in calcium of upper soil horizons by beech litter and deep-burrowing earthworms [36] . Rotten logs and branch wood abound on the ground, the fall of woody parts of trees occurring either during senescence of trees or after severe storms [29] . Pits and mounds created by the uprooting of trees are at the origin of a rugged microtopography. A lot of trees fell during storms in 1991, i.e. three years before the present study. The uprooting of trees was at the origin of the establishment then of the expansion of colonies of Virginian poke (Phytolacca decandra L. Five transects were sampled in July 1994. Their main features are summarized in Table I. They   differred according to depth of the limestone table, forest architecture, and ground vegetation, but all of them were located on the sites where limestone is accessible to tree roots and deepburrowing animals (i.e. at a depth less than 1 m), which harbour the richest earthworm communities [36] . Along each transect line, earthworms were sampled by laying out on the ground stainless steel circles 56 cm diameter (0.25 m 2 surface). Consecutive circles were touching together, thus the sampling step was 56 cm. At the inside of each circle the ground cover was noted, then the litter was discarded when present, after checking for the presence of epigeic earthworms. Earthworms were expelled by sprinkling three times at 10 min intervals the area within each circle with 5 liters of a diluted formalin solution at increasing concentration (3‰, 4‰, 5‰). Preliminary sampling by formalin application followed by hand-sorting revealed that in these sandy soils all earthworms present in the top 30 cm were expelled by formalin.
Collected specimens were preserved into pure formalin, until they were identified at the species level using keys and diagnoses by Sims and Gerard [43] and Bouché [7] . Plant species were identified using Rameau et al. [37] . Data for earthworm species were densities per unit surface.
Data for plant species were a semi-quantitative index using fuzzy coding. When only one type of ground cover was present, it was coded 1, when two types were present, each of them was coded 0.5, etc…
Data were analysed by several methods, separately on each transect. Correspondence analysis [16] was used to analyse a data matrix crossing the different sampling units with earthworm and plant species. Earthworm and ground cover data were active variables, thus took place in the calculation of eigen vectors (factorial axes). Additional data (passive variables) were projected on the factorial axes in order to discern spatial patterns. Each transect line was divided into four linear sections of similar extent, each of them being coded as 1 or 0 for each sampling unit. The projection of these four spatial indices on the plane of the first two factorial axes indicated whether the distribution of ground cover types and earthworm species was partly explained by a spatial factor, i.e. they were distributed as patches. All variables were then subjected to reweighting and focusing, i.e. their mean and variance were fixed to 20 and 1 respectively [35] .
This allowed factorial coordinates of the different variables to be proportional to their contribution to the factorial axes, whatever the original mean and variance and, thus, whatever the nature of the data (densities, semi-quantitative coding or presence/absence). Active variables were doubled, allowing each variable to be represented on the graphs by a gradient from lower to higher values, thus allowing patterns of increasing richness and abundance to be revealed [36] .
The spatial distribution of ground cover types and earthworm species was analysed by autocorrelation [24, 40] . A high covariance between two series indicates a high degree of spatial relationship between the corresponding sampling units (steps). Given that data were not normally distributed, Spearman rank correlation coefficients were calculated, and were tested by a t-test procedure [44] . The 5% threshold of significance was used to give an indication of the degree of spatial autocorrelation and to compare successive sampling units along a given transect line.
Spearman rank correlation coefficients were calculated between all variables used in correspondence analysis, in order to verify whether all detectable correlations were taken into account by this multivariate analysis and, if not, to add this information. Given that correspondence analysis summarized results from analytical studies (correlation and autocorrelation coefficients), only results from correspondence analyses will be presented in the following, and reference to analytical studies will be made only when necessary.
RESULTS

Transect A (single treefall gap within a clump of adult trees)
Transect B (Succession of pole stage, multiple treefall gap and senescent stage)
Transect B, which was more complex than transect A, crossed a pole stage, followed by a terrestris and H. helix, which had a patchy distribution, was nevertheless expressed by Axis 2, too.
Transect C (Mixing of different age classes of beech)
The limestone table was fairly close to the ground surface (45 cm) and the earthworm These zones were wide, as this could be ascertained by the wide spacing along Axis 1 of the four artificial sections of the transect, mainly between steps 8-14 and steps 22-27. Axis 2 (22% of the total variance) showed that most earthworm species were absent from places occupied by R. aculeatus, except a small population of D. pygmaea and L. rubellus.
Transect E (Double treefall gap within a mixing of different age classes of beech)
Despite the complexity of this transect, correspondence analysis ( figure 9 ) revealed important patterns. Axis 1 (12% of the total variance) opposed section 11-20 to the other three sections.
On the positive side of this axis cover types indicating a sunny exposure, such as P. aquilinum, 
DISCUSSION
It is probable that at the time of the present study (July) some species such as Aporrectodea longa retreated deep in their burrows and were in a phase of quiescence [43] but all other species previously found on the site [35, 36] were retrieved, indicating that aestivation did not affect the studied site to a great extent. [38] rather than by some heterogeneity in the fall of litter, given the small size (13 m) of this single-tree gap, compared to 40 m for the height of adult beech at this location [29] . The association of L. terrestris with herbaceous vegetation is explained by its preference for a more diversified food than pure beech litter, as was demonstrated by Judas [18] . is particularly rich in saponins known to kill snails [26] , a locally selective effect of plants which has been observed in earthworm communities under herbaceous vegetation [1] .
Most results obtained along transect
Transect B exhibited a sequence of wavelike regeneration of the beech forest [20] . 
rubellus.
Although each transect studied exhibited its own characteristics, common trends were perceived, such as the avoidance of drier sites by A. caliginosa in summer time and the partitioning of the forest floor under the canopy of beech according to the development of grass vegetation. Other trends concerned possible interactions between some earthworm species and a possible negative effect of some plants such as Ruscus aculeatus and P. decandra against earthworms. According to the size at which these processes were acting, they were or not revealed by the patchy distribution of plant and earthworm species. Correspondence analysis helped to reveal the corresponding patterns and allowed to distinguish between spatially and not spatially distributed patterns. Since we know that the spatial distribution of plants as well as animals is the result of both internal (growth, reproduction) and external (selection, choice)
interactions [33, 41] , it ensues that the partialling out of the spatial component of ecological variation using Mantel tests [24] can be considered as a complete waste of time. It can be claimed on a sound basis that spatial and time patterns are the result of ecological processes acting both in space and time [48] and cannot be dealed with as a separate environmental factor. If mapping is needed, data can be adjusted to a spatial model used to interpolate between samples [10] . If ecological relationships are to be searched, a pure spatial treatment of data by methods such as geostatistics [39] 
